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ABSTRACT 

The steady state lunar surface potential distribution 
is determined by the condition that the net current to a small 
surface area vanish, where the dominant currents are due to 
photoemission of electrons and collection of solar wind 
particles. The potential determined in this manner is 
insensitive to the detailed structure of the solar spectrum 
and depends parametrically on the photoemissive properties of 
the lunar surface. For a work function of 5.0 volts and 
quantum yield of 0.01, the electrostatic potential during 
solar minimum decreases from 3.0 volts at the subsolar point 
to less than a volt near the limb. Plausible ranges for the 
lunar quantum yield and work function are 0.001 to 0.1 and 
4 to 6 volts, respectively, which correspond to a range of 
potentials at the subsolar point from 0.6 to 10.2 volts. 
These values assume a solar wind electron number density and 
temperature of 5 cmm3 and 1 0 5 ' K ,  respectively. 
indicate that corrections to the ion energies measured by the 
ALSEP Suprathermal Ion Detector Experiment (SIDE) will be 
unimportant at energies above a few electron volts. 

The results 
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1. INTRODUCTION 

The e lectrostaLc p o t e n t i a l  of t h e  s u n l i t  l una r  
hemisphere i s  a c e n t r a l  f a c t o r  i n  understanding t h e  plasma 
environment ad jacen t  t o  t h e  luna r  su r face .  Knowledge of t h i s  
p o t e n t i a l  i s  va luab le  f o r  i n t e r p r e t i n g  t h e  r e s u l t s  of t h e  
ALSEP Suprathermal Ion Detector  Experiment (SIDE), which 
measures t h e  energy d i s t r i b u t i o n  of charged p a r t i c l e s  impacting 
t h e  luna r  sur face .  

The equi l ibr ium p o t e n t i a l  d i s t r i b u t i o n  of t h e  l u n a r  
su r face  i s  a t t a i n e d  when t h e  n e t  c u r r e n t  tQ an a r b i t r a r y  
su r face  area vanishes .  Previous s t u d i e s  (Opik and Singer ,  
1960;  Opik, 1962 ;  Heffner, 1 9 6 5 )  have c o r r e c t l y  ascr ibed  t h e  
dominant c u r r e n t s  t o  photoe lec t rons  from t h e  su r face  and charged 
p a r t i c l e s  from the  s o l a r  wind. However t h e s e  works t rea t  the. 
c u r r e n t  processes  wi th  s impl i f i ed  models lead ing  t o  va lues  of 
t h e  s u n l i t  s i d e  luna r  p o t e n t i a l  which are an order  of magnitude 
l a r g e r  than  those  given by our  p re sen t  c a l c u l a t i o n .  
t h e  p o t e n t i a l  i s  ca l cu la t ed  by assuming a g loba l  c u r r e n t  balance 
which necessa r i ly  leads t o  a cons t an t  p o t e n t i a l  on the  s u n l i t  
hemisphere. A proper formulat ion r e q u i r e s  a local c u r r e n t  
balance,  and r e s u l t s  i n  a p o t e n t i a l  which v a r i e s  over t h e  
sur f  ace. 

Furthermore, 

An exac t  c a l c u l a t i o n  of t h e  p o t e n t i a l  i s  p r o h i b i t i v e l y  
d i f f i c u l t  a t  p re sen t ,  bu t  it is  demonstrated t h a t  t h e  p o t e n t i a l  
d i s t r i b u t i o n  i s  i n s e n s i t i v e  t o  a number of s impl i fy ing  approxi- 
mations which render  t h e  problem t r a c t a b l e  and i l l u s t r a t e  t h e  
parametr ic  dependence of t h e  p o t e n t i a l  upon t h e  r e l e v a n t  prop- 
erties of t h e  lunar  su r face ,  t h e  solar spectrum, and t h e  s o l a r  
wind. I n  p a r t i c u l a r ,  s i n c e  t h e  c a l c u l a t i o n  of t h e  photoelectron 
f l u x  involves  a convolution of t h e  s o l a r  spectrum and t h e  
photoemission spectrum of t h e  luna r  su r face ,  t h e  d e t a i l e d  
s t r u c t u r e s  of t h e s e  spec t r a  are unimportant and they may be 
approximated by appropr i a t e  smooth func t ions .  The f l u x  from 
t h e  solar wind i s  ca l cu la t ed  by not ing t h a t  t h e  e l e c t r o n  thermal 
speed i s  t h e  l a r g e s t  v e l o c i t y  characteristic of s o l a r  wind 
p a r t i c l e  motion, and t h e r e f o r e  the  moon behaves i n  a manner 
s i m i l a r  t o  t h a t  of an e lectrostat ic  probe. The solar wind 
p a r t i c l e  f l u x  i s  then  l a r g e l y  due t o  t h e  random e l e c t r o n  f l u x  
t o  t h e  lunar  sur face .  

2. CURRENT SOURCES AND THEIR RELATION TO THE LUNAR POTENTIAL 

The energy sources  capable of producing s i g n i f i c a n t  
c u r r e n t s  a t  t h e  s u n l i t  lunar  su r face  can be shown t o  be t h e  
solar electromagnet ic  spectrum and t h e  s o l a r  wind. Solar  
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photons produce photoelectrons a t  t h e  lunar  su r face  and 
s o l a r  wind p a r t i c l e s  are c o l l e c t e d  the re .  

The o rde r  of magnitude of t h e  f l u x  due t o  photo- 
e l e c t r o n  production i s  t h e  product of t h e  quantum y i e l d  of t h e  
lunar  su r face  and t h e  s o l a r  f l u x  of photons wi th  energy above 
t h e  su r face  work func t ion .  For any reasonable  va lues  of t h e  
quantum y i e l d  and work func t ion ,  t h e  photoelectron f l u x  i s  
o rde r s  of magnitude g r e a t e r  than  any o t h e r  poss ib l e  charge 
f lux .  This  i s  v e r i f i e d  below and i n  Sec t ion  5. Thus when 
balance between a l l  f l u x e s  i s  reached, on ly  a small  f r a c t i o n  
of t h e  emit ted photoelectrons can excape, which implies  t h a t  
t h e  s u n l i t  lunar  su r face  a t t a i n s  a p o s i t i v e  electrostatic 
p o t e n t i a l .  A l s o ,  one can conclude t h a t  t h e  escaping photo- 
e l e c t r o n  f l u x  J and t h e  p o t e n t i a l  d i s t r i b u t i o n  of t h e  s u n l i t  
hemisphere @ are c o n t r o l l e d  by t h e  magnitude of t h e  o t h e r  
f l u x e s  p re sen t .  

P 

An estimate of t h e  n e t  f l u x  from the  s o l a r  wind i s  
= O(n v ) ,  where no i s  t h e  undisturbed s o l a r  wind e l e c t r o n  Js o t  

number d e n s i t y  and vt is  t h e  e l e c t r o n  thermal speed. t 
V, t h e  bulk s o l a r  wind v e l o c i t y ,  t h e  proton con t r ibu t ion  t o  Js 
i s  s m a l l  (al though it i s  not  n e g l i g i b l e ) .  However, secondary 
c u r r e n t s  caused by t h e  protons impacting t h e  su r face  a r e  
n e g l i g i b l e  because t h e  p r o b a b i l i t i e s  f o r  t h e s e  processes  are 
small  (Hagstrum, 1954; 1 9 6 0 ) .  

Since v > 

A l l  o the r  known energy sources  are incapable  of pro- 
ducing charge f l u x e s  comparable t o  t h a t  from t h e  s o l a r  wind. 
The f l u x  from a s teady  state luna r  atmosphere o r  ionosphere i s  
governed by t h e  rate of production of atmospheric p a r t i c l e s ,  
e .g . ,  through outgassing,  charge exchange with t h e  s o l a r  wind, 
and photo ioniza t ion ,  and t h i s  rate i s  too  l o w  t o  be s i g n i f i c a n t  
(Edwards and Borst ,  1958; W e i l  and Barasch, 1963).  S imi l a r ly ,  
processes  involving cosmic r a y s  and meteoroids a r e  unimportant. 

t he  moon due t o  the  ex i s t ence  of p o t e n t i a l  g r a d i e n t s  and from 
t r a n s p o r t  processes  i n  t h e  lunar  atmosphere, t h e  l a t t e r  occurr ing  
predominantly i n  a photoelectron cloud above t h e  s u n l i t  su r f ace .  
It i s  demonstrated i n  t h e  Appendix t h a t  t h e  luna r  su r face  and 
the  photoelectron cloud are t o o  resist ive t o  d ischarge  p o t e n t i a l  
d i f f e r e n c e s  on the  lunar  su r face ,  and t h e r e f o r e  t h a t  these 
c u r r e n t s  may be neglected.  

Addit ional  c u r r e n t s  r e s u l t  from conduction through 
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3. SOLAR WIND FLUX 

An exact calculation of the charged particle flux 
from the solar wind is difficult. However, the problem is 
amenable to a simple approximate solution which is sufficiently 
accurate for our purposes if we assume that any lunar magnetic 
fields are too small to significantly alter the solar wind 
particle distribution functions on the sunlit side of the moon. 
In this case the moon behaves like an emitting electrostatic 
probe in the absence of a magnetic field. 

At the moon, the solar wind proton and electron 
number densities are no % 5 ' ~ m - ~ ,  and the wind has a bulk 
velocity V % 400 km/sec. A representative value for the proton 
temperature is 5 x lo4 O K  (Hundhausen et al., 19671, while the 
electron temperature is T % lo5 OK (Montgomery et al. 
Thus the protons have a directed kinetic energy 
which is much greater than their thermal energy. 

1968). 
MY2 % lKeV, 

If we assume le@ I < <  MV2f where @ is the electro- 
static potential of the lunar surface, then the electrostatic 
force on the protons due to the presence of the moon causes a 
negligible perturbation on the proton trajectories. The calcu- 
lation of the proton flux to the moon therefore becomes trivial. 
We assume that only those protons whose unperturbed orbits 
intercept the lunar surface are absorbed. There exists 
supporting evidence for this assumption (Colburn et al., 
1967; Ness et al., 1967). This absorption does not result in 
a significant production of electrons (Hagstrum, 1954; 1960). 
Since the streaming velocity is much greater than the proton 
thermal velocity, the solar wind proton flux to the lunar 
surface is 

J, = n V COSCX 
0 

where cosa = - n.x/ I V _ l ,  and - n is an inward pointing normal to 
the surface. 

The solar wind electrons have kinetic enerqies on the - 
3 order of lOeV and a thermal speed, vt = (2kT/m) 1'2 ,-b 2 x 10 

km/sec, much greater than their streaming speed, V ,-b 400 km/sec. 
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Thus on t h e  s u n l i t  s i d e  of t h e  moon, the  s o l a r  wind e l e c t r o n s  
appear t o  be thermalized wi th  a s m a l l  d r i f t  v e l o c i t y .  So la r  
wind e l e c t r o n s  are not  p re sen t  ad jacen t  t o  t h e  dark s i d e  where 
a plasma void i s  c r e a t e d  due t o  t h e  abso rp t ion  of solar wind 
protons a t  t h e  s u n l i t  s i d e  and t h e  i n a b i l i t y  of proton d i f f u s i o n ,  
being a thermally d r iven  process ,  t o  f i l l  t h e  void. Thus only 
about ha l f  t h e  luna r  su r face  i s  a v a i l a b l e  f o r  c o l l e c t i o n  of 
s o l a r  wind e l e c t r o n s .  

There are s e v e r a l  l eng th  scales which c h a r a c t e r i z e  
t h e  plasma environment on t h e  s u n l i t  hemisphere. From Poisson ' s  
equat ion it i s  r e a d i l y  e s t a b l i s h e d  t h a t  t h e  l eng th  scale 
governing t h e  s p a t i a l  v a r i a t i o n  of t he  electrostatic p o t e n t i a l  
i s  t h e  Debye length ,  A D  = (kTe/4~Ne2)1'2, where N and Te are 
t h e  e l e c t r o n  d e n s i t y  and temperature,  r e spec t ive ly .  Most of 
t h e  decrease t o  zero of t h e  p o t e n t i a l  and charge d e n s i t y  occurs  
wi th in  a d i s t a n c e  of order  A D  from the  sur face .  I n  t h i s  reg ion  
t h e r e  i s  a photoelectron cloud o r  sheath which s h i e l d s  t h e  
lunar  su r face  charge from t h e  oncoming s o l a r  wind. An upper 
bound f o r  A D  i s  obtained by basing A D  on t h e  s o l a r  wind e l e c t r o n  
dens i ty ,  which g i v e s  X < 1 0 m  i n  t h e  luna r  e l e c t r o s t a t i c  sheath.  D 

T h e  e l e c t r o n  cyc lo t ron  r a d i u s  i s  rb = mvt/eB 'L 5 km 

for  t y p i c a l  solar wind parameters. 
i s  s a t i s f i e d ,  and e f f e c t s  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  
are weak and may be neglected.  I n  add i t ion ,  t h e  i n e q u a l i t y  
A D  << R,  t h e  lunar  r ad ius ,  permits  us  t o  neg lec t  t h e  curva ture  
of t h e  luna r  su r face ,  and t h e r e f o r e  t o  treat  t h e  moon as 
l o c a l l y  plane.  Since t h e  d r i f t  v e l o c i t y  V < vt, and t h e  Debye 
length  i s  much less than t h e  e l e c t r o n  mean f r e e  pa th ,  t h e  
s i t u a t i o n  i s  analogous t o  t h e  t h i n  shea th  approximation i n  
c o l l i s i o n l e s s  probe theory (see e .g . ,  Chen, 1 9 6 5 ) .  

Thus the  i n e q u a l i t y  A D  < <  rb 

Since t h e  luna r  p o t e n t i a l  is  p o s i t i v e ,  there is  no 
r epu l s ion  of solar wind e l e c t r o n s ,  and a good approximation of 
t he  e l e c t r o n  f l u x  t o  t h e  moon i s  t h e  f l u x  en te r ing  a su r face  
loca ted  a d i s t a n c e  A D  above t h e  s u n l i t  l una r  sur face .  
f l u x  i s  i n s e n s i t i v e  t o  t h e  luna r  p o t e n t i a l  as long as e@/MV2 < <  1, 
and i s  t h e  c0unterpar. t  of e l e c t r o n  s a t u r a t i o n  i n  electrostatic 
probe theory.  A l o c a l l y  plane su r face  element of area dS w i t h  
inward poin t ing  normal n i s  used t o  compute t h e  f l u x .  Then t h e  
f l u x  of solar wind elecTrons t o  t h e  a rea  dS as a func t ion  of 
cosa is  

T h i s  
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n.v>O 

where f ( v )  is  t h e  solar wind e l e c t r o n  d i s t r i b u t i o n  func t ion ,  
v - t h e  e l e c t r o n  v e l o c i t y ,  and t h e  i n t e g r a t i o n  is  performed over 
t h e  half-space n.v>O. Employing our  t h i n  shea th  approximation 
and assuming t h z  undis turbed solar wind e l e c t r o n  d i s t r i b u t i o n  
func t ion  t o  be Maxwellian, 

- -  

2 
1, n*po m (1-v) n 

(2akT/m) 
0 

3/2 - 2kT f =  

w e  a r r i v e  a t  

I + S;ucosa[1 + e r f  (ucoscl)] 

where u = V/vt. 

T o  o b t a i n  t h e  n e t  solar wind charge f l u x  w e  combine 
Eqs. (3.1) and (3 .2 ) .  Since f l u x e s  whose o rde r s  of magnitude 
are less than  t h e  proton f l u x  noV have been neglected,  Eq. 
i s  expanded to  f irst  o rde r  i n  u 1 before  combining. The 
r e s u l t  i s  

(3.1) 

Js (cosa 1 2 JK ucoscl+o (u ) 1 ( 3 . 3 )  

where J Typica l ly ,  u Q 0 . 2  and t h e r e f o r e  t h e  
dependence upon coscl is weak. T o  l o w e s t  o rder  i n  t h e  s m a l l  
parameter ucoscl < <  1, t h e  solar wind f l u x  i s  given by t h e  
random e l e c t r o n  f l u x .  A l s o ,  no te  t h a t  Js is  i n s e n s i t i v e  t o  
v a r i a t i o n s  i n  t h e  bulk v e l o c i t y  V,  and i n  t h e  e l e c t r o n  and 
proton temperatures.  , F i n a l l y ,  w e  emphasize t h a t  Eq. (3.3) i s  
v a l i d  only i f  t h e  luna r  magnetic f i e l d  i s  s m a l l  enough t o  
v a l i d a t e  t h e  assumption of a Maxwellian e l e c t r o n  d i s t r i b u t i o n  
for  t h e  incoming e l e c t r o n s  near  t h e  lunar  sur face .  

= J - - J+. 
S 
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4.  PHOTOELECTRON FLUX 

- 6 -  

The average number of e l e c t r o n s  wi th  energy between 
E and E+dE emit ted by a photon of energy E i s  denoted by 

Here y ( E )  i s  t h e  quantum y i e l d  of t h e  su r face  m a t e r i a l  and 
fE(E)  i s  t h e  energy spectrum of photoemitted e l e c t r o n s ,  
normalized so t h a t  

d s f E ( s )  = I, 
0 

f E ( E )  embodies t h e  f a c t  t h a t  photons of a s i n g l e  energy E produce 
e l e c t r o n s  with a range of energ ies .  It w i l l  be shown t h a t  t h i s  
f e a t u r e ,  which has  been ignored i n  previous c a l c u l a t i o n s  of t h e  
lunar  potent ia l - ,  s e rves  t o  make J (@,case), and thus  t h e  luna r  
p o t e n t i a l ,  less s e n s i t i v e  t o  t h e  s m a l l  scale s t r u c t u r e s  of t h e  
solar spectrum and t h e  quantum y i e l d  than would be t h e  case 
with monoenergetic emission of e l e c t r o n s  by photons of a 
given energy. 

P 

If g(E)dE is  t h e  f l u x  of solar photons a t  t h e  subsolar  
p o i n t  with energy between E and E + dE, t h e  t o t a l  photoemitted 
e l e c t r o n  f l u x  with energy between E and E +dc a t  a p o i n t  on t h e  
lunar  su r face  whose r a d i u s  vec tor  from t h e  c e n t e r  of t h e  moon 
makes an ang le  8 w i t h  t h e  moon-sun l i n e ,  i s  

cos8dE d E  g ( E ) y ( E ) f E ( E ) .  (4 2) 

Since t h e  solar wind and solar photon f l u x  d i r e c t i o n s  are 
nea r ly  p a r a l l e l ,  cosa may be replaced by cos8 i n  Eq.  ( 3 . 3 ) .  

Of t h e  t o t a l  f l u x  of photoemitted e l e c t r o n s  given by 
Eq. (4.2), only those  e l e c t r o n s  with s u f f i c i e n t  energy t o  overcome 
t h e  electrostatic 
and c o n t r i b u t e  t o  

p o t e n t i a l  b a r r i e r  w i l l  escape from t h e  moon 
J Thus J is  given by 

P* P 



BELLCOMM, . I N c .  - 7 -  

where TI(€,@) is  t h e  f r a c t i o n  of e l e c t r o n s  of energy E which are 
emit ted wi th  perpendicular  k i n e t i c  energy E~ = l/2mv12 > e@ and 
which t h e r e f o r e  escape. H e r e  v i s  t h e  e l e c t r o n  v e l o c i t y  com- 
ponent normal t o  t h e  sur face .  
e l e c t r o n s ,  TI is  given by 

I 
For i s o t r o p i c  emission of 

The energy spectrum fE(E)  is  t y p i c a l l y  a broad func t ion  
going t o  z e r o  a t  E = 0 and E = E - W, where W i s  the  work Sunction 
of t h e  emi t t i ng  s u r f a c e  (see Figure  l a ) .  The i n t e g r a t i o n  over E 
i n  Eq. (4.3) adds toge ther  many such broad func t ions  of E which 
ove r l ap  over a wide range of energ ies .  T h i s  process  averages 
over t h e  f i n e  s t r u c t u r e  of y ( E ) g ( E ) ,  r e s u l t i n g  i n  a smooth 
func t ion  of E which r e f l e c t s  none of t h e  s m a l l  scale s t r u c t u r e  
of y (E)g (E) .  T h i s  e f f e c t  i s  shown schematical ly  i n  Figure lb. 

This  smoothing process  of t h e  i n t e g r a l  Eq. (4.3) is  
s u f f i c i e n t l y  e f f e c t i v e  t o  permit u s  t o  approximate t h e  solar 
spectrum g(E)  by a smoothed func t ion  which averages over most 
of t h e  emission peaks. F igure  2 shows t h e  smoothed solar 
spectrum used i n  our c a l c u l a t i o n s .  The s o l a r  f l u x  f o r  q u i e t  and 
a c t i v e  sun per iods  i s  ind ica t ed ,  N o t e  t h a t  during solar 
minimum g(E) r a p i d l y  decreases with inc reas ing  energy so t h a t  
t h e  m o s t  important con t r ibu t ion  t o  g(E)  occurs  f o r  E less than 

100 eV.  The process  of photoemission i n  t h i s  energy range 
i s  w e l l  enough understood t o  a l l o w  f o r  reasonable  approximations 
t o  t h e  shape of y ( E )  and f E ( E ) .  

a t t e n t i o n  t o  t h e  case of s o l a r  minimum. A d i scuss ion  of t h e  
poss ib l e  e f f e c t s  of solar a c t i v i t y  on t h e  e l e c t r o s t a t i c  
p o t e n t i a l  i s  presented i n  t h e  following Sect ion.  

W e  t h e r e f o r e  restrict our 

A s  t h e  photon energy is  increased above t h e  work 
func t ion  W, t y p i c a l l y  about 5 v o l t s ,  y ( E )  i nc reases  r a p i d l y  
and reaches a p la t eau  yzy, a t  E;E1, and i s  reasonably cons tan t  
u n t i l  E;E2 (something l i k e  30 o r  40 e V ) ,  where y ( E )  begins  t o  
slowly decrease.  A t  E 'L 80 e V ,  t h e  threshold  f o r  e x c i t i n g  core 
e l e c t r o n s  i n t o  t h e  continuum, y ( E )  can b e  expected on t h e o r e t i -  
cal  grounds t o  rise again.  A s i g n i f i c a n t  amount of s t r u c t u r e  
may be  superimposed on t h i s  g ross  behavior,  b u t  according t o  
the  arguments presented above, t h i s  s t r u c t u r e  i s  unimportant 
i n  computing J ( a ,  cose) . 

P 
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These cons ide ra t ions  suggest  t h a t  y ( E )  may b e  
approximated by 

where H(x) i s  t h e  u n i t  step func t ion .  

It is  apparent  t h a t  any broad func t ion  of width 
A s  % (E-W) i s  an adequate r ep resen ta t ion  of f E ( & ) .  W e  choose 

s i n 2  (E) H(-€+E-W) ( 4 . 6 )  f E ( E )  = 7E-WJ E-W 

which is normalized t o  u n i t y  with r e s p e c t  t o  i n t e g r a t i o n  over E ,  
and vanishes  a t  s=O and &=E-W, as requi red .  

By s u b s t i t u t i n g  Eqs. ( 4 . 4 ) - ( 4 . 6 )  toge ther  w i th  t h e  
smoothed solar spectrum g(E)  shown i n  Figure 2 i n t o  Eq. (4.3) 
and performing t h e  i n t e g r a t i o n s ,  w e  determine J (@, cos0). 

The r e s u l t  depends upon t w o  parameters,  y o  and W, which 
c h a r a c t e r i z e  t h e  photoemmisive p r o p e r t i e s  of t h e  lunar  s u r f a c e ,  
and which are no t  known. For i n s u l a t o r s  and semiconductors 

i s  t y p i c a l l y  between and and W l i es  between 4 
and 6 v o l t s  (see e.g., Apker, 1965; Maurer, 1966 and re ferences  
l i s t e d  t h e r e ) .  It is  p l a u s i b l e  t o  expect t h a t  t h e s e  ranges 
inc lude  t h e  va lues  of y o  and W appropr i a t e  f o r  t h e  moon. 

P 

Y O  

From Eq. (4.3) and t h e  model Eq. (4.5) f o r  y it is  
seen t h a t  J i s  propor t iona l  t o  y cose. It is t h e r e f o r e  only 
necessary t o  compute t h e  func t ion  G ( a ; W ) ,  which r e p r e s e n t s  t h e  
photoelectron f l u x  a t  t h e  subsolar  p o i n t  for  u n i t  quantum 
y i e l d ,  def ined by 

P 0 

J (3,cose) 
y cose G ( 3 ; W )  = 
0 

(4 .7 )  

The r e s u l t s  are shown i n  Figure 3. 

5. POTENTIAL DISTRIBUTION 

The electrostatic p o t e n t i a l  d i s t r i b u t i o n  Q(cos8) on 
t h e  s u n l i t  l una r  su r face  i s  determined f r o m  t h e  s o l u t i o n  of t h e  
f l u x  balance equat ion 
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By using E q s .  ( 4 . 7 )  and ( 3 . 3 )  t h i s  becomes 

The p o t e n t i a l  d i s t r i b u t i o n  computed from E q .  (5 .2)  and 
Figure 3 depends upon t h r e e  parameters W, 8= novt/y,, and u,  
which c h a r a c t e r i z e  t h e  solar wind and t h e  luna r  su r face .  
Recall t h a t  t h e  form of G ( @ ; W )  shown i n  F igure  3 i s  v a l i d  only 
during s o l a r  minimum. From E q .  (5.2) and Figure 3 it i s  seen 
t h a t ,  a t  a f i x e d  s u r f a c e  p o i n t ,  t h e  c a l c u l a t e d  e l e c t r o s t a t i c  
p o t e n t i a l  decreases  monotonically with inc reas ing  W o r  8 .  
Since u<<1 ,  t h e  v a r i a t i o n  of @ with u is s m a l l ,  and w e  do not  
d i s p l a y  t h i s  parametr ic  dependence. 

The p o t e n t i a l  d i s t r i b u t i o n  i s  shown i n  F igure  4 f o r  
a f ixed  va lue  of u. The e l e c t r o s t a t i c  p o t e n t i a l  a t  t h e  sub- 
solar p o i n t  f o r  median va lues  of t h e  p l a u s i b l e  range of para- 
meters i s  a few v o l t s .  An order  of magnitude change i n  t h e  
parameter B = novt/yo causes  t h e  p o t e n t i a l  t o  vary by about a 
f a c t o r  of 2. Furthermore, t h e  expected range f o r  t h e  work 
func t ion  l i m i t s  t h e  v a r i a t i o n  of p o t e n t i a l  w i t h  W t o  less than 

2 a f a c t o r  of 2. F i n a l l y ,  no te  t h a t  t h e  condi t ion  l e @ l < < 1 / 2  MV , 
assumed i n  Sec t ion  3 ,  is  s a t i s f i e d  fo r  a l l  reasonable  va lues  of 
t h e  parameters. 

The p o t e n t i a l  has a maximum a t  the  subsolar  p o i n t  and 
decreases  toward t h e  l i m b .  The s o l u t i o n  given here  is  n o t  
v a l i d  over t h e  e n t i r e  s u n l i t  hemisphere, b u t  f a i l s  near t h e  limb, 
as i s  evidenced by E q .  (5 .2) .  This  can be understood by 
r e c a l l i n g  t h a t ,  i n  computing the  solar wind f l u x  Js, w e  relied 
on the  ex i s t ence  of t h e  order ing J (0, cose)>>J  (@,  cose) ,  i .e . ,  
a t  a p o i n t  on t h e  su r face  t h e  f l u x  of emitted photoelectrons is 
much g r e a t e r  than  t h e  f l u x  t h a t  can be drawn from t h e  s o l a r  wind. 
I n  t h i s  case t h e  c a l c u l a t i o n  of t h e  solar wind f l u x  presented 
i n  Sec t ion  3 i s  appropr ia te .  For  a l l  p l a u s i b l e  va lues  of 6 and 
W, it is  seen f r o m  E q .  (5.2) and Figure  3 t h a t ,  f o r  some range 
of cose, t h e  condi t ion  J (O,cosB)>>Js(@,cos€I) i s  s a t i s f i e d ,  
and our assumption i s  j u s t i f i e d .  However, s i n c e  t h e  solar 

P S 

P 

I 
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photon flux normal to the sunlit surface has a cos0 dependence, 
this ordering must fail as cose+O. In particular, Eq. ( 3 . 3 )  
for Js becomes incorrect when J P 
J (O,cose)%Js. This occurs for 

is reduced to the point where 

P 

or 

, '5 - e<cl. (5 * 3) 
R 1/2 

e % 2 - [  4FG (O=O ? ; W) 3 
Values of G(@=O;W) are presented in Table 1. A s  an illustration, 
if W=5 volts and @=loll (cm2-sec)-', the solution breaks down 
when 1 ~ / 2 - 0 % 1 0 - ~ .  

TABLE 1 
Variation of G(O=O;W) with Work Function 

w (volts) 4 5 6 7 

A s  previously mentioned, these calculations were 
performed using the solar spectrum appropriate during solar 
minimum, although the formalism presented here is valid for the 
active sun case. It is impossible at present to predict the 
lunar potential during salar maximum due to a lack of photo- 
emission data at photon energies above % 100 volts. A s  
illustrated in Figure 2,  the solar photon flux is significantly 
increased in the ultraviolet during solar maximum. This is 
also the case during flares. The variation of lunar potential 
with solar activity depends upon the magnitude of the quantum 
yield y ( E )  and the shape of the photoelectron distribution 
function f,(E) for the energy range in which this enhancement 
occurs. The electrostatic potential varies significantly with 
solar activity only if the enhanced portion of the solar 
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spectrum produces photoelectrons with energy greater than our 
computed electrostatic potential energy and with a flux greater 
than or comparable to Js. 

6. CONCLUSIONS 

The electrostatic potential of the sunlit lunar 
surface during solar minimum is a maximum at the subsolar 
point and monotonically decreases toward the limb. For 
a lunar surface work function of +5 volts and a quantum 
yield of .01, the subsolar point potential is 3.0 volts fnr 
typical solar wind conditions. As the work function and 
quantum yield vary between the plausible limits of 4 to 6 
volts and ,001 to .1, respectively, the subsolar point 
potential varies between +0.6 and 10.2 volts. 

These results are insensitive to variations in the 
solar wind parameters and quantum properties of the lunar 
surface, and to the small scale structure of the solar 
spectrum. Furthermore, the subsolar point potential is an 
order of magnitude lowerevthan has been previously calculated 
(6pik and Singer, 1960; Opik, 1962; Heffner, 1965), due to the 
fact that more accurate account is taken of the solar spectrum 
and the energies of photoemitted electrons. These results 
imply that the corrections to the energies of charged particles 
measured by the ALSEP Supsathermal Ion Detector Experiment, or 
by similar lunar surface probes, will be unimportant at 
energies much greater than a few electron volts. Finally, the 
calculation presented here is a prerequisite for theoretical 
studies of the electric field at the lunar surface. 

3. L.'Blank 

1014-JLB-rghe 
10 15-WDG W. D. Grobman 
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APPENDIX 

Conduction Currents  i n  t h e  Photoelectron 
Layer and t h e  Lunar Crus t  

W e  f i r s t  consider  conduction p a r a l l e l  t o  t h e  lunar  
su r face  by t h e  photoelectrons.  The electrical  conduct iv i ty  
of t h e  e l e c t r o n s  i s  given by 

2 N e  T 
( 5 % -  m 

where N i s  t h e  photoelectron number d e n s i t y ,  and T is  t h e  
microscopic t i m e  scale f o r  e l e c t r o n  t r a n s p o r t .  The e l e c t r o n  
dens i ty  i s  s u f f i c i e n t l y  l o w  t h a t  c o l l i s i o n s  may be  neglected.  
A r e p r e s e n t a t i v e  photoelectron i s  emit ted from t h e  s u r f a c e  and, 
being unable t o  overcome t h e  p o t e n t i a l  b a r r i e r ,  r e t u r n s  t o  t h e  
su r face  and i s  absorbed. Thus w e  i d e n t i f y  T as t h e  t i m e  of 
f l i g h t  of a t y p i c a l  electron. 

W e  e s t ima te  T from t h e  e l e c t r o n  equat ion of motion 

- e 9 = -  d2z 
m az dt2 

where z i s  t h e  he ight  above t h e  luna r  s u r f a c e  and + is  t h e  
l o c a l  va lue  of t h e  p o t e n t i a l .  For purposes of es t imat ion ,  t he  
a c t u a l  p o t e n t i a l  g rad ien t  is replaced by @/A,,, where @ i s  t h e  
su r face  p o t e n t i a l ,  A D  = (kTe/4vNe ) i s  t h e  photoelectron Debye 
length which r ep resen t s  t h e  c h a r a c t e r i s t i c  length  scale f o r  
e l e c t r o s t a t i c  sh i e ld ing ,  and Te i s  t h e  photoelectron temperature.  
Then upon i n t e g r a t i n g  t w i c e  and so lv ing  f o r  t h e  t i m e  of f l i g h t  
w e  o b t a i n  

Jz T ’ b  - - - 
R e 4  w 

P 
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where w 

taken dz (t = O)/dt= (kTe/2vm) 'I2 which i s  t h e  average v e r t i c a l  

= ( 4 ~ N e  /m) 'I2 is  t h e  plasma frequency, and w e  have 
P 

v e l o c i t y  f o r  a Maxwellian d i s t r i b u t i o n .  N o t e  t h a t  T is  of t h e  
o rde r  of t h e  plasma per iod,  which i s  j u s t  t h e  t i m e  requi red  for  
a thermal e l e c t r o n  t o  travel a d i s t a n c e  equal  t o  t h e  Debye 
length.  

The photoelectron conduct iv i ty  i s  then  given by 

The e l e c t r o n  f l u x  p a r a l l e l  t o  t h e  s u r f a c e  i s  est imated f r o m  
Ohm's law 

Estimating E l l  % A @ / R ,  where A @  i s  t h e  p o t e n t i a l  d i f f e r e n c e  
between t h e  subsolar  po in t  and t h e  l i m b ,  and R i s  t h e  lunar  
r ad ius ,  and assuming A @ / @  Q 1, w e  o b t a i n  

2kTe 1/2 
i s  t h e  photoelectron thermal speed. where <v> = (7 1 

Thus t h e  f l u x  i s  e s s e n t i a l l y  t h e  thermal f l u x  reduced by t h e  
factor hD/R. 

understood i n  t e r m s  of the c r o s s  s e c t i o n a l  areas through which 
t h e  var ious  f l u x e s  flow. The t reatment  of t h e  p h o t o e l e c t r i c  
process ,  presented i n  Sec t ion  4 , i n d i c a t e s  t h a t  t h e  photoelectron 
dens i ty ,  o r  thermal f l u x ,  i s  no t  high enough t o  compensate f o r  
t h i s  geometr ical  f a c t o r .  
Jp(@ = 0 )  = 1 0 1 5  (cm*-sec)-'. Therefore J 
reasonable  va lues  0f.W and yo,  and photoelectron t r a n s p o r t  
processes  are neg l ig ib l e .  

T h i s  f a c t o r  i s  a geometrical one and may be  

I n  f a c t ,  f o r  y o  = 10-1  and W = 4 v o l t s ,  
< <  1 f o r  a l l  I IlJs 
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The absence of an observed d i s tu rbance  i n  t h e  solar 
wind on t h e  s u n l i t  s i d e  of t h e  moon i n d i c a t e s  t h a t  t he  luna r  
c r u s t  has an  electrical conduct iv i ty  uc < lO"(ll-rn)- '  (Colburn 
e t  a l . ,  1967;  N e s s  e t  a l . ,  1 9 6 7 ) .  This  upper bound i s  com- 
p a t i b l e  with t y p i c a l  c o n d u c t i v i t i e s  f o r  dry  rocks or  rocks 
conta in ing  f rozen  w a t e r .  The f l u x  d e n s i t y  due t o  conduction 
of c u r r e n t  through t h e  moon is  

1 A @  
Jc ,-b e O C  R 

For Jc t o  be comparable with t h e  solar wind f l u x ,  A @  must be 
a t  least  % 1 0  v o l t s .  Assuming no pa thologica l  behavior 
e x i s t s  on t h e  back s i d e  of t h e  moon which can g ive  rise t o  
such l a r g e  p o t e n t i a l s ,  t h e  computed p o t e n t i a l  d i f f e r e n c e s  
render  t h i s  conduction f l u x  neg l ig ib l e .  

3 
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FIGURE TITLES 

Fig. 1. a )  Schematic r ep resen ta t ion  of t h e  energy spectrum 
fE(E)  of e l e c t r o n s  of energy E emit ted by photons 
of energy E. 

b )  Schematic i l l u s t r a t i o n  of t h e  f a c t  t h a t  t h e  i n t e -  
g r a l /  dE y (E)  g (E)  f E ( E )  i s  a smooth func t ion  of 
E even fo r  "noisy" func t ions  y (E)  and g ( E ) .  

Fig. 2. Smoothed solar spectrum used i n  c a l c u l a t i n g  t h e  i n t e -  
g r a l  ( 7 ) .  This curve is  taken from Anonymous [1965]. 
B e l o w  about 1 4 0 0  A ,  t h e  t r u e  spectrum c o n s i s t s  mostly 
of sharp  emission l i n e s ,  and t t e  above curve i s  
obtained by smoothing over 50 A i n t e r v a l s .  

0 

Fig. 3. P l o t  of G ( @ ; W ) ,  t h e  photoelectron f l u x  a t  t h e  subso la r  
p o i n t  f o r  u n i t  quantum y i e l d ,  during solar minimum a s  
a func t ion  of p o t e n t i a l  @, f o r  t h r e e  d i f f e r e n t  va lues  
of t h e  work func t ion  W. 

Fig.  4 .  E l e c t r o s t a t i c  p o t e n t i a l  d i g t r i b u t i o n  of t h e  s u n l i t  
l una r  hemisphere during solar minimum. The parametr ic  
dependence upon W and B = novt/yo i s  shown f o r  t h e  

f ixed  va lue  of u corresponding t o  V = 400 km/sec, 
T = lo5 OK. 

3 2 c m  , 6 = 10l1 ( c m  -sec)-' corresponds t o  a quantum 
y i e l d  y o  = 8 . 7 ~ 1 0 ~ ~ .  

For a solar wind d e n s i t y  of 5 p a r t i c l e s /  
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